By observing reconstituted chromatin by fluorescence microscopy (FM) and atomic force microscopy (AFM), we found that the density of nucleosomes exhibits a bimodal profile, i.e., there is a large transition between the dense and dispersed states in reconstituted chromatin. Based on an analysis of the spatial distribution of nucleosome cores, we deduced an effective thermodynamic potential as a function of the nucleosome-nucleosome distance. This enabled us to interpret the folding transition of chromatin in terms of a first-order phase transition. This mechanism for the condensation of chromatin is discussed in terms of its biological significance.
Genomic DNA in eukaryotes is compactly folded into chromatin through several hierarchical packings [1] . The fundamental unit of such packing, the nucleosome, consists of 146 bp of DNA wrapped around a histone octamer (two molecules each of H2A, H2B, H3 and H4).
The semi-flexible DNA chain wraps around a histone core about two turns [2] . It is widely expected that the manner of packing and the dynamics of nucleosomes are associated with gene activities in living cells [3] [4] [5] [6] . There have been many studies on the static [7] [8] [9] [10] and dynamic [11] properties of nucleosomes. It has been shown that nucleosomes condense under various conditions; for example, under a high salt concentration [12] . However, the nature of the higher-order structure is not well understood and the underlying physics of nucleosome condensation have not yet been clarified. It has been suggested, for example, that measurement of the actual interaction energy between nucleosomes is essential [8, 11, 13, 14] for obtaining deeper insight into chromatin condensation, but there have been no experimental studies on the interaction potential.
On the other hand, it has recently been found that linear DNA larger than several tens of base pairs exhibits a large discrete coil-globule transition, accompanied by a change in density on the order of 10 4 -10 5 , upon the addition of various kinds of condensing agents [15, 16] . It has been revealed that this transition is a first-order phase transition under the criterion of Landau, i.e., an ON/OFF transition from an elongated coil state to a compact globule state [17] . Very recently, such an ON/OFF transition of DNA has been suggested to play an important role in gene activity [17] . Discreteness of the coil-globule transition is a general characteristic of single semi-flexible polymer chains [18] .
The purpose of this study was to obtain a deeper understanding of the conformational changes of chromatin, which is essential for obtaining insight into genetic activity including duplication, transcription, etc. We investigated the physical properties of reconstituted chro-matin using fluorescence microscopy (FM) and atomic force microscopy (AFM). We obtained the pair interaction potential between nucleosome cores from an analysis of AFM images and used it to dissect the mechanism of chromatin compaction, or chromatin condensation [19] .
The preparation of core histones and 106-kbp plasmids (circular DNA) and the reconstitution of chromatin were carried out as previously reported [20] . In this study, the mass ratio To evaluate the actual size of reconstituted chromatin in bulk solution, we measured the Brownian motion of individual chromatin complexes using FM. From the time-dependence of the mean square displacement of the center of mass of chromatin, we obtained the diffusion constant D using the following relationship: (r(0) − r(t)) 2 = 4Dt [23] . The hydrodynamic radius R H is thus deduced as in Table I using the Stokes-Einstein relationship,
, where k B is the Boltzmann constant, T is the absolute temperature and η is the viscosity of the solvent (0.89 mPas for pure water at T = 297 K). We also evaluated the size of reconstituted chromatin by AFM measurement. The major axis R L and the minor axis R S of reconstituted chromatin were measured in two-dimensional AFM images. We obtained the distribution of distances N(r) as a function of the distance r between pairs of nucleosomes in AFM images. It is expected that nucleosomes exhibit a nearly equilibrium structure on a 2D mica surface [24] . We assumed that the radial distribution function g(r) is proportional to N(r)/r. Since the nucleosome density is low enough with [histone]/[DNA] = 1.0 (see Fig. 1(A) ), the pair potential can be roughly deduced from g(r) assuming a Boltzmann distribution, U(r) = −k B T ln g(r) [25] [26] [27] , where g(r) and U(r) were calculated after fitting N(r) to a polynomial. The analysis was performed for Next, we will discuss the conformational stability of chromatin based on the above pair interaction energy. The total free energy F of reconstituted chromatin with n nucleosomes can be described as
where F ela is the entropic elasticity of the DNA chain and F int (n) is the volume interaction between nucleosomes. We neglect the volume interaction of double-stranded DNA, since the thickness of DNA (∼ 2 nm) is much smaller than the diameter of a nucleosome (∼ 11 nm).
Using the swelling parameter α, we obtain
where
. R 2 is the mean square of the radius of gyration and R 0 is the analogous size of an ideal Gaussian coil. α 2 and α −2 correspond to extension and compression of the chain, respectively [28] . Assuming that U(r) has a narrow minimum so that nucleosome-nucleosome interaction occurs only among the nearest neighbors, we can take
. By adapting U(r) = −Ar −9 + Br −23 , F int (n) can be written as
where ρ is the normalized density of nucleosomes, ρ ≈ r −3 . Thus, we obtain
In the present model, R 0 decreases with an increase in n. Thus, we define L as the apparent contour length of chromatin, L = L 0 − an, where L 0 is the contour length of DNA without any histones (36 µm for this sample), and a is the length of DNA wrapped around a histone octamer, ca. 50 nm (146 bp). With the Kuhn length λ (100 nm for a DNA chain) and the number of Kuhn segments N S , the size of an ideal Gaussian chain is described as R 2 0
S . Since N S = L/λ, we obtain a modified R 0 , which we call
It is obvious that F (n, ρ)/nk B T has two minima. The one at the lower-density region is derived from the first and second terms in Eq. (5) and the other at the higher-density region is derived from the third and fourth terms. As n increases, the minimum of the condensed state becomes deeper while a double-minimum profile is maintained. When the two minima have a similar depth, two different states of high and low nucleosome density coexist. Figure   3 shows the free-energy profiles of nucleosomes with n = 400, 500 and 600 calculated with Eq. (5) together with schemes of the corresponding conformations in three dimensions.
The observed result regarding the elongated conformation in Fig. 1 Therefore, we can expect the appearance of an intrachain phase-segregated state as in Fig.   1(B) . Previous studies on native linear DNA chains have indicated that a phase-segregated state is actually observed in individual DNA molecules and that the characteristic scale of segregation depends on the degree of the surviving electronic charge in the condensed part [29, 30] .
Several biological studies have demonstrated that the higher-order folding of chromatin fiber and its dynamic structural changes largely depend on the proper functions of various structural and regulatory proteins in the nucleus [31, 32] , which are critical for gene expression and chromosome segregation. On the other hand, the results obtained in this study, together with those in several previous studies [11, 33] , suggest that the physical properties of a DNA strand (length and superhelicity) and the interaction between nucleosomes play fundamental roles in chromatin dynamics. The higher-order architecture of chromatin is determined by the fundamental properties of chromatin fiber itself. In this sense, it should be noted that chromosomes are composed of several chromatin loops on the order of ∼100 kb [34] [35] [36] 
